emerged. To clarify this issue, time resolved laser spectroscopy was applied to measure the 36 excited triplet state quenching of four different model triplet photosensitizers induced by a suite 37 of DOM from various aquatic and terrestrial sources. While no quenching for the anionic triplet 38 sensitizers 4-carboxybenzophenone (CBBP) and 9,10-anthraquinone-2,6-disulfonic acid (2,6-39 AQDS) was detected, second-order quenching rate constants with DOM for the triplets of 2-40 acetonaphthone (2AN) and 3-methoxyacetophenone (3MAP) in the range of 1.30 -3.85 × 10 7 L 41 mol C -1 s -1 were determined. Based on the average molecular weight of DOM molecules the 42 quenching for these uncharged excited triplet molecules is nearly diffusion-controlled, but 43 significant quenching (>10%) in aerated water is not expected to occur below DOM 44 concentrations of 22 − 72 mg C L -1 . 45
Introduction

46
Excited triplet states are important intermediates in the photochemistry of organic molecules. 1, 2 5 triplet states of three aromatic ketones, which exhibited lifetimes in the range of 1.2 − 1.6 µs in 68 aerated water. 10 The lifetimes of 3 DOM * are expected to be highly variable, owing to the 69 complexity of DOM and the presence of various moieties within the same macromolecule, which 70 might be efficient triplet quenchers and accelerate the decay of some 3 DOM * . However, in 71 aerated conditions, there is an upper limit to the triplet lifetime, which is imposed by quenching 72 due to molecular oxygen and should generally not exceed a few microseconds. 4 Some attempts 73 were made to detect transients resulting from laser flash photolysis of DOM, 22, 23 Maximum rate constants obtained were typically in the range of ≈2 − 6 × 10 9 M -1 s -1 , which may 86 be considered to be close to the diffusion limit for water as a solvent at room temperature. To 87 date there is no quantitative information about the triplet quenching ability of DOM, although 88 quenching appears to be a realistic possibility owing to the variety of molecular moieties that 89 constitute DOM. There are various timely issues in aquatic photochemistry for which an advance 90 6 in knowledge on this topic is critical. A first motivation is derived from our recent studies, [31] [32] [33] The objective of this study is to possibly detect and quantify the DOM-induced quenching of the 103 excited triplet states of a few photosensitizers. Aqueous solutions containing the aromatic ketones 104 benzophenone-4-carboxylate, 2-acetonaphthone and 3-methoxyacetophenone, and the aromatic 105 quinone 9,10-anthraquinone-2,6-disulfonate, were submitted to laser flash photolysis in the 106 presence and absence of several dissolved DOM extracts. The selected photosensitizers, chosen 107 mainly based on our previous studies, have oxidizing excited triplet states and triplet energies in 108 the range of 249 − 303 kJ mol -1 (2.6 − 3.2 eV (~200 mg C L -1 ) were prepared in phosphate buffer (10mM, pH7). The DOM concentration of the 129 stock solutions was determined, after appropriate dilution, as organic carbon using a Shimadzu 130 V-CPH TOC analyzer (Kyoto, Japan). Prior to spectroscopic measurements DOM solutions were 131 diluted with phosphate buffered water (10 mM, pH 6-10, majority of measurements pH 7) to 0. was especially complicated and difficult to fit following the procedure outlined above. For these 171 samples the data was processed using a three component singular value decomposition 172 algorithm. 36 The data was then reconstructed from these extracted components and fit to a 173 biexponential decay. 174
All samples were purged with synthetic air (80% N 2 , 20% O 2 ; Carbagas, Zurich, Switzerland) 175 before and during measurements and were stirred continuously using a magnetic stirring system 176 (Ultrafast Systems, Sarasota, Florida). For measurements in absence of oxygen samples were 177 purged with argon (purity 5.0, Carbagas). However, the critical issue for this work is the consistency of the experiment between samples 214 within the same series. Careful attention to this factor was paid and variations in triplet lifetimes 215 among measurements performed at different days during the data collection period were found to 216 be negligible indicating that quenching values do not suffer from external influences. 217 next sub-section). Preliminary experiments with several DOM revealed the occurrence of a broad 227 absorption band with maximum between 600 and 700 nm, probably due to the formation of 228 solvated electrons. 51 However, these experiments, conducted with the aim to detect any transient 229 formed from DOM, were performed at much higher energy density (tightly focused pump beam 230 (~ 0.5 mm) and pulse energy > 10 mW) than quenching experiments. Under the conditions used 231 for quenching experiments, only a very low maximum ∆Abs was recorded for DOM blanks (e.g., 232
0.0020 for WPHAR, 0.0025 for PLFA, 0.004 for NAHA, see also SI Figure S1 ), and we can 233 safely assume that effects from these weak transients can be ignored in the analysis of the data. 234
In contrast to DOM, addition of TMP, which is a well-known and effective quencher of excited 235 triplet states, 10 leads to a significant change of the signal pattern obtained for 2AN and 3MAP 236 (Figure 2) . In both cases the triplet signal is strongly decreased at short time delays after the pulse 237 and formation of transient species with absorption maxima at 390-400 nm is observed. Such 238 species potentially correspond to the ketyl radical of the photosensitizer and the phenoxyl radical 239 of TMP, which are believed to be formed during oxidation of TMP by the excited triplet. 10 While 240 the ketyl radical should be depleted by reacting with O 2 to give the superoxide anion on a time 241 scale of a few µs (e.g. 1.7 µs for benzophenone in aerated solution), 10 the phenoxyl radical should 242 be much longer lived. For 2AN the observed lifetime of the feature at 390 nm was 96 ± 10 µs 243 (Ar-purged) and 2.88 ± 0.37 µs (synthetic air), indicating the ketyl radical. For 3MAP the 244 observed lifetime of such a species at 400 nm was 1.82 ± 1.06 µs (synthetic air). However, this 245 measurement was hampered by the overlap with the parent sensitizer triplet signal. A summary of the determined rate constants is given in Table 1 . We first consider the triplet 284 lifetimes obtained in the absence of DOM. As expected according to equation 1, lifetimes are 285 higher (and first-order relaxation rate constants lower) in oxygen-poor solutions (Ar-purged) than 286 in aerated solutions. To determine second-order quenching rate constants by DOM, series in both 287 aerated and Ar-purged solutions were performed (and yielded comparable rate constants), with 288 18 the initial expectation of an improved quantification in the latter case owing to higher fractional 289 changes in lifetime upon DOM addition. However, measurements in aerated solutions turned out 290 to be more robust due to a lesser interference by secondary transients, and so the majority of 291 measurements were conducted in aerated solutions. Among the four tested sensitizers we were 292 able to determine a set of second-order quenching rate constants for 2AN and 3MAP. Constants 293 are in the range of (1.30 -3.85) × 10 7 L mol C -1 s -1 for 2AN and of (1.41 -2.47) × 10 7 L mol C -1 s -1 294 for 3MAP, respectively. Considering the relatively high molecular weight of DOM, these values 295 have to be multiplied by about two orders of magnitude to give second-order rate constants on a 296 molar base (for instance, SRFA contains 52% carbon and has an average molecular weight of 297 2310 g mol -1 , 53 which means that an SRFA molecule consists of 100 carbon atoms on average). 298
Such estimated rate constants (≈(1.3 -3.9) × 10 9 M -1 s -1 ) are not far from the apparent diffusion 299 limit of ≈5 × 10 9 M -1 s -1 obtained for electron transfer reactions to excited triplet states of aromatic 300 ketones in aqueous solution, 10, 12 and thus similar to (or, in the case of 2AN even higher than) the 301 second-order quenching rate constants for TMP. One can conclude that DOM is indeed a very 302 effective quencher of excited triplet 2AN and 3MAP on a molar basis, but, owing to the high 303 average size of its molecules, a high amount of it (in terms of weight) is required to produce 304 significant quenching (see next sub-section). Another important observation is that the DOM 305 quenching rate constants for 2AN and 3MAP are not very different, while one would expect a 306 higher quenching rate with 3MAP due to its higher triplet energy and one-electron reduction 307 potential (the latter explains why TMP quenches excited triplet 3MAP more efficiently than 308 excited triplet 2AN 10 , see also Table 1 and SI, Figure S2 ). This fact, together with the almost 309 diffusion-controlled rates, suggests that within a single DOM (macro)molecule very efficient 310 triplet quencher moieties are present, which may react through other quenching mechanisms than 311 19 electron-rich phenols. Candidates for such additional quenching moieties are chromophoric 312 components of the DOM acting as acceptors of electronic excitation energy in triplet−triplet 313 energy transfer processes. 314
The barely measurable quenching of excited triplet CBBP and the absence of quenching in the 315 case of 2,6-AQDS are probably amenable to the negative electric charge borne by the 316 photosensitizer molecules and the consequent repulsion against the negatively charged DOM 317 molecules. This repulsion is expected to hinder the encounter of these anionic excited triplet 318 photosensitizers with quenching moieties of DOM molecules. By inspecting the parameters given 319
in Table 1 it is clear that neither the energy nor the reduction potential of the excited triplet state 320 can account for the strongly reduced quenching rates of the negatively charged species. 321
To account for the pH range occurring in natural waters and to potentially gain some mechanistic 322 insights into the quenching process, we performed a series of pH-dependent experiments (Figure  323 
Implications for aquatic photochemistry 341
The quenching of the excited triplet states of the selected photosensitizers brought about by DOM 342 may be considered as relatively small under the conditions of aerated water, which is prevalent 343 for most sunlit surface waters. To be noted is that under steady-state irradiation, as is the case for 344 solar illumination, a reduction in excited triplet state lifetime quantitatively corresponds to a 345 reduction in excited triplet state concentration, and consequently in the rate constant for triplet-346 induced transformation of a hypothetical trace contaminant. In this study, the quenching of the 347 triplet states of anionic photosensitizers (CBBP and 2,6-AQDS) could not be quantified owing to 348 its small extent. In contrast, the two photosensitizers present as neutral species (2AN and 3MAP) 349 exhibited a measurable quenching. Using the second-order rate constants given in Table 1, The application of photosensitizers for water disinfection and contaminant removal has attracted 374 the interest of various scientists for many decades. [55] [56] [57] [58] [59] [60] [61] [62] From the results of the present study one 375 can conclude that anionic or neutral hydrophilic photosensitizers will hardly be affected by 376 excited triplet state quenching in the presence of DOM. Thus, reactions induced directly or 377 indirectly (as in the case of singlet molecular oxygen) by the excited triplet states of these 378 photosensitizers are not expected to be attenuated by the presence of DOM, except for the cases 379 in which competition for light absorption (inner filter effect) plays a role. Clearly, cationic and 380 neutral hydrophobic photosensitizers will tend to associate with DOM, and the influence of DOM 381 on their effectiveness cannot be predicted from the results of this study. 
